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EXAFSZn2+ is an essential transition metal required in trace amounts by all living organisms. However, metal excess is
cytotoxic and leads to cell damage. Cells rely on transmembrane transporters, with the assistance of other pro-
teins, to establish and maintain Zn2+ homeostasis. Metal coordination during transport is key to speciﬁc trans-
port and unidirectional translocation without the backward release of free metal. The coordination details of
Zn2+ at the transmembrane metal binding site responsible for transport have now been established. Escherichia
coli ZntA is a well-characterized Zn2+-ATPase responsible for intracellular Zn2+ efﬂux. A truncated form of the
protein lacking regulatory metal sites and retaining the transport site was constructed. Metrical parameters of
themetal–ligand coordination geometry for the zinc bound isolated formwere characterized using x-ray absorp-
tion spectroscopy (XAS). Our data support a nearest neighbor ligand environment of (O/N)2S2 that is compatible
with the proposed invariant metal coordinating residues present in the transmembrane region. This ligand iden-
tiﬁcation and the calculated bond lengths support a tetrahedral coordination geometry for Zn2+ bound to the
TM-MBS of P-type ATPase transporters.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Transition metals are essential micronutrients for all living organ-
isms [1]. Although required for life, they induce cell toxicity when pre-
sent in excess [2]. There is an array of membrane transporters that
participate in the cellular homeostasis of these metals to ensure a
tight control of metal levels [2,3]. One of the major determinants for
substrate speciﬁcity in these proteins is the metal coordination chemis-
try at the transport sites. Current understanding of metal coordination
geometry is largely based on the characterization of organometallic
complexes and stable metal sites within soluble metalloproteins. In
contrast, transmembrane metal binding sites (TM-MBS), although
binding the metal with very high afﬁnities, only transiently interact
with the substrate during transport. Consequently, novel ligands and
coordination architectures at the TM-MBS might be expected. For in-
stance, this appears to be the case in the planar trigonal coordinationding site; N-MBD, N-terminal
-ZntA, truncated ZntA lacking
ide; TEV, Tobacco etch virus;
S, atomic absorption spectros-
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l rights reserved.of Cu+ in transporters of this metal [4,5]. In the case of Zn2+, there is
only one transporter whose structure at atomic resolution has been
established, the Escherichia coliYiiP Zn2+/H+ transporter [6]. It is appar-
ent that the three Zn2+ sites in YiiP coordinate the metal preferentially
with tetrahedral geometry.
PIB-type ATPases1 are polytopic membrane proteins present in
most living organisms (archaea, bacteria, fungi, plants, animals) [3].
They participate in the transport of heavy metals like Co2+, Zn2+
and Cu+/2+ across biological membranes [3,7]. This is achieved by
coupling substrate transport to ATP hydrolysis following an E1/E2
Albers-Post catalytic mechanism. Structurally, members of this family
present a canonical six transmembrane segments (TMs) core (M1-6),
the hydrophilic A-, N- and P-domains, and in most cases two addi-
tional N-terminal TMs (MA-MB) [7]. Most PIB-ATPases have cytoplas-
mic metal binding domains in their N-terminus (N-MBD) that
regulate enzyme activity [8–10]. TM-MBSs are involved in transport
across the membrane and constitute distinctive elements central to
the functional role of these ATPases [11].
Several P1B-ATPase subgroupswith distinctmetal transport speciﬁc-
ities have been proposed [7]. Each subgroup is deﬁned by invariant res-
idues in TMs M4-M6. These would constitute the ﬁrst and maybe
second coordination environment in TM-MBS responsible for metal
binding and selectivity during transmembrane translocation. This has1 For simplicity P-type ATPases will be referred as P-ATPases, PIB-ATPases, etc.
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group). These drive the efﬂux of cytoplasmic Cu+ and are able to trans-
port Ag+ and Au+ ions [12,13]. Biochemical and structural studies of
Archaeoglobus fulgidus Cu+-ATPase showed that amino acids located
in M4 (2 Cys), M5 (Tyr, Asn) and M6 (Met, Ser) form two Cu+ binding
sites with three monodentate side chain ligands, each site adopting a
trigonal planar geometry [14]. The recently obtained high resolution
crystal structure of the Legionella pneumophila Cu+-ATPase LpCopA in
E2 (metal free) conformation [15] allows us to predict the potential
rearrangement and positioning of these amino acids providing the coor-
dination geometry expected for high afﬁnity binding sites in the E1 en-
zyme conformation [14].
The subgroup P1B2-ATPases consists of Zn2+ transporting enzymes
[7]. The better characterized Zn2+-ATPase, E. coli ZntA, also binds and
transports the non-physiological substrates Cd2+ and Pb2+ [8,16]. Sim-
ilar to Ag+ transport by Cu+-ATPases, Cd2+ and Pb2+ transport pro-
ceeds at higher rates compared to Zn2+. In vitro binding experiments
suggests the presence of a single TM-MBS. Coordinating amino acids ap-
pear in the same transmembrane region as other ATPases: two Cys in
M4, an Asp in M6 and probably a Lys in M5 [17–19]. Interestingly,
E. coli ZntA is capable of binding other divalent heavy metals such as
Ni2+, Co2+ and Cu2+ with similar afﬁnities and stoichiometry as Zn2+
[20]. Binding of these metals leads to the inhibition of ZntA “back-
door” phosphorylation by Pi, indicating that the enzyme adopts the E1
metal-bound conformation [20,21]. However, ATP does not phosphory-
late Ni2+, Co2+ or Cu2+ bound ZntA [16]. It has been postulated that
transported substrates (Zn2+, Cd2 and Pb2+) are coordinated with a
distinct geometry/bond distance that allows for the enzyme ﬂexibility
required for transport [20]. On the other hand, non-transported metals
(Ni2+, Co2+ or Cu2+) would be coordinated in suboptimal architec-
tures. To analyze the coordination chemistry of the Zn2+ TM-MBS, we
performed EXAFS analysis on a truncated version of E. coli ZntA lacking
theN-MBD. The results support a tetrahedral coordination geometry for
Zn2+with a ligand atom coordination environment constructed of 2 ox-
ygen/nitrogen ligands and 2 sulfur atoms.
2. Materials and methods
2.1. Truncated ZntA (T-ZntA) cloning and expression
cDNA coding a truncated form of E. coli, ZntA lacking the N-terminal
100 amino acids and including a TEV protease site at the C-terminal end
was generated by polymerase chain reaction using the full-length cDNA
as template and primers 5′-ATCGATGTCTGCGCTGCAAAAAGCAGGC-
TATTCCCTG-3′ and 5′-GGACTGAAAATACAGGTTTTCGCCGCTGCTTCTC-
CTGCGCAACAATCTTAACGC-3′. The ampliﬁed fragment was cloned
into pBAD-TOPO/His vector. cDNA sequence was conﬁrmed by auto-
mated DNA sequence analysis. This construct was introduced into
E. coli Top10 cells (Invitrogen, Carlsbad, CA) carrying an extra plasmid
encoding for rare tRNAs (tRNA argAGA/AGG and tRNA ileAUA). Cells
were grown at 37 °C in ZYP-505 media supplemented with 0.05% arab-
inose, 100 μg/ml ampicillin, 50 μg/ml kanamycin [22]. Cells were har-
vested at 24 h post inoculation, washed with 25 mM Tris, pH 7.0,
100 mM KCl and stored at−70 °C.
2.2. Protein puriﬁcation and (His)6-tag removal by TEV protease
Protein puriﬁcation was carried out as previously described [14].
Brieﬂy, cells were harvested and disrupted by passing them through
a French press. Membranes were isolated by centrifugation and
stored at −70 °C. For protein solubilization and puriﬁcation, mem-
branes 3 mg/ml in buffer B (25 mM Tris, pH 8.0, 100 mM sucrose,
500 mM NaCl, 1 mM phenylmethylsulfonyl ﬂuoride) were treated
with 0.75% DDM (Calbiochem, La Jolla, CA). Solubilized (His)6-tagged
T-ZntA was puriﬁed using Ni2+-nitrilotriacetic acid (Ni-NTA) afﬁnity
resin (Qiagen, Valencia, CA). To remove the (His)6-tag, T-ZntA fusionprotein was incubated with puriﬁed (His)6-tagged TEV protease
[23,24] at 5T-ZntA:1 TEV-His weight ratio for 1 h at 22 °C in buffer C
(50 mM Hepes, pH 7.4, 200 mM NaCl, pH 7.4 with NaOH, 0.01%
DDM) plus 1 mM TCEP and asolectin 0.01%. TEV-His was removed
by afﬁnity puriﬁcation with Ni2+-NTA resin. Protein concentration
was determined in accordance to Bradford [25]. All puriﬁcation pro-
cedures were carried out at 0–4 °C, and no special precautions were
taken to prevent enzyme oxidation. Purity was assessed by Coomassie
brilliant blue staining of overloaded SDS-PAGE gels and by immunos-
taining Western blots with rabbit anti-His polyclonal primary anti-
body (GenScript, Piscataway, NJ) and goat anti-rabbit IgG secondary
antibody (horseradish peroxidase conjugate; GenScript, Piscataway,
NJ). Puriﬁed untagged T-ZntA was at least 99% pure of (His)6-tagged
T-ZntA and 98% pure of (His)6-tagged TEV by gel densitometry (see
Fig. S1).
2.3. Metal binding stoichiometry determination
Metal binding assays were performed as described previously
[10]. 10 μM TEV treated T-ZntA protein in buffer C plus 1 mM TCEP,
asolectin 0.01%, was incubated for 5 min at room temperature in the
presence or absence of 50 μM ZnSO4. Cation excess was removed by
passage through Sephadex G-25 columns. Eluted protein was acid
digested with concentrated nitric acid overnight at room tempera-
ture. Following digestion, samples were treated with 1.5% H2O2. The
concentration of heavy metal in each sample was measured using fur-
nace AAS (Varian SpectrAA 880/GTA 100, Santa Clara, CA). Average
background detected in control samples lacking T-ZntA were ~2% of
levels determined for ZntA-Metal samples.
2.4. ATPase assays
ATPase were performed as described [10] with modiﬁcations.
Assay mixture contained 25 mM Tris, pH 7.5 with HCl (37 °C), 3 mM
MgCl2, 3 mM ATP, and 50 mM NaCl, 50 μM ZnSO4, 20 mM cysteine,
2.5 mM DTT, 0.01% asolectin, 0.01% DDM and 0.02 mg/ml puriﬁed
protein. ATPase activity was measured for 10 min at 37 °C. Released
inorganic phosphate (Pi) was determined in accordance to Lanzetta
et al. [26]. Background activity measured in the absence of transition
metals was b5%.
2.5. XAS analysis
Zn2+-bound T-ZntA (1:1 metal:protein molar ratio) in 50 mM
HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP, 0.01% dodecyl-ß-D-malto-
side, 0.01% Asolectin, 30% (w/v) glycerol was concentrated to
0.4 mM Zn2+. Samples were loaded into Lucite XAS sample cells cov-
ered in Kapton tape and ﬂash frozen in liquid nitrogen prior to use.
Samples were stored under liquid nitrogen until data collection. XAS
data were collected at the Stanford Synchrotron Radiation Light-
source (SSRL) on beamline 7-3 using a Si(220) monochromator
with a harmonic rejection mirror inline. During data collection, sam-
ples were kept at 10 K using an Oxford Instruments continuous-ﬂow
liquid helium cryostat. Protein ﬂuorescence excitation spectra were
collected using a 30-element Ge solid-state detector. Copper ﬁlters
(3 μm width) were placed between cryostat and detector to ﬁlter
scattering ﬂuorescence not associated with Zn. XAS spectra were
measured using 5 eV step in the pre-edge region (9350–9640 eV),
0.25 eV steps in the edge region (9640–9690 eV) and 0.05 Å−1 incre-
ments in the EXAFS region (to k=12.5), integrating from 1 s to 20 s
in k3 weighted manner for a total scan length of approximately
45 min. X-ray energies were calibrated with simultaneous measure-
ment of a zinc foil absorption spectrum, assigning the ﬁrst inﬂection
point to 9659 eV. Each ﬂuorescence channel of each scan was closely
monitored for spectral anomalies. Data represent the average of a
total of 8 scans. XAS spectra were analyzed using the Macintosh
Fig. 1. EXAFS and Fourier transforms of EXAFS data for zinc loaded T-ZntA. EXAFS spec-
tra in black for Zn bound T-ZntA (A) with the corresponding Fourier transform (B).
Simulations for EXAFS and Fourier transform data are shown with a gray line.
Table 1
Summary of Zn EXAFS simulation analysis for Zn2+-loaded T-ZntAa.
Fit no. Zn-nearest neighbor ligandsb Zn-long-range ligandsb
Atomc R (Å)d CNe s2f atomc R (Å)d CNe s2f F′g
6 O/N 2.00 2 2.98 C 3.11 2 4.30 0.16
S 2.30 1.5 4.14 C 3.35 3 3.13
C 3.53 2 2.39
C 4.04 3.5 4.23
a Values given in bold represent the best-ﬁt simulation parameters.
b Independent metal–ligand scattering environment.
c Scattering atoms: O(oxygen), N(nitrogen), S(sulfur) and C(carbon).
d Metal–ligand bond length (all standard deviationsb0.03 Å).
e Metal–ligand coordination number (all standard deviationsb1.0).
f Debye–Waller factor given in Å2×103 (all standard deviationsb0.9 Å).
g Number of degrees of freedomweighted mean square deviation between empirical
and theoretical data.
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theoretical model generation [27]. Protein EXAFS data were ﬁt with
both single and multiple scattering amplitude and phase functions
calculated by Feff using metrical parameters from crystallographically
characterized zinc model compounds. Single scattering Feff models
were generated for zinc-oxygen, -sulfur and -carbon environments.
Single scattering theoretical models were utilized during data simula-
tion using a static scale factor and threshold energy of 1.0 and
−15.25 eV, respectively [28]. Data were simulated over the spectral
k range of 1 to 12.5 Å−1, corresponding to a spectral resolution of
0.13 Å [29]. When simulating empirical data, only the absorber-
scatterer bond length (R) and Debye–Waller factor (σ2) were allowed
to freely vary while metal–ligand coordination numbers were ﬁxed at
half-integer values. Criteria for judging the best ﬁt simulation, and for
adding ligand environments, included: a) a reduction in the mean
square deviation between data and ﬁt (F') [30] a value corrected for
the number of degrees of freedom in the ﬁt, b) bond lengths differ-
ences consistent with our data resolution and c) all Debye–Waller
factors values less than 0.006 Å2.
3. Results and discussion
3.1. Biochemical characterization of T-ZntA
E. coli ZntA presents two binding sites for divalent transitional
metals such us Zn2+, Cd2+, Co2+ and Cu2+ [20,31]. The soluble intracel-
lular site N-MBDplays a regulatory role inmetal transport and is not re-
quired for activity [8]. On the other hand, the TM-MBS is located in the
hydrophobic core and its integrity is essential for transport activity
[17,19]. To analyze structural features of metal binding in the TM-MBS
using XAS, a truncated ZntA version (T-ZntA) lacking the intracellular
N-terminal amino acids (2–100) containing the N-MBD was heterolo-
gously expressed. This T-ZntA included a TEV protease cleavage site be-
tween the last C-terminal amino acid and the (His)6-tag. After
puriﬁcation, T-ZntA was treated with TEV protease to eliminate the
metal binding tag. Removal was complete at 1 h incubation with TEV
(Fig. S1). T-ZntA metal dependent ATP hydrolysis activity was mea-
sured before and after TEV protease treatment. (His)6-tag T-ZntA pre-
sented Zn2+-ATPase activity comparable to that previously reported
[8]. Similarly, TEV treatment did not affect enzymatic activity (Fig. S2).
Binding of a single Zn2+ to the T-ZntA (after TEV treatment) was ob-
served in agreement with previous results by Liu et al. [20] (not
shown). Thus, themicellar preparation of TEV-treated T-ZntA appeared
suitable for XAS analysis of the coordination chemistry and geometry of
the TM-MBS.
3.2. Characterization of TM-MBS of T-ZntA by XAS
X-ray absorption spectroscopy was used to probe the local struc-
tural environment of zinc bound to T-ZntA. The Zn2+ loaded T-ZntA
EXAFS spectrum shows a non symmetric oscillation pattern consis-
tent with nearest neighbor zinc-ligand scattering from multiple envi-
ronments (Fig. 1A). The Fourier transform (Fig. 1B) suggests two
distinct EXAFS scattering patterns in the predominant nearest neigh-
bor feature (between 1.5 and 2.5 Å). Long range scattering is also pre-
sent in the Fourier transform at R>2.5 Å. Optimized simulations of
the Zn EXAFS that highlight the justiﬁed inclusion of additional envi-
ronments to the initial single environment simulation indicate a best
ﬁt model consistent with a Zn―(O/N)X(S)X nearest neighbor ligand
environment where X=2±0.5 at average Zn―O/N and ―S bond
lengths of 2.00 and 2.30 Å, respectively (Table 1). The Zn―O/N and
Zn―S bond lengths obtained from T-ZntA are most consistent with
values obtained for 4-coordinate Zn compounds that have 2 O/N li-
gands and 2 S ligands coordinated, that present average values of
2.03 and 2.26 Å respectively [32]. Bond lengths for Zn―(O/N)S3 and
Zn―S4 systems have values of 2.12/2.28 and 2.30 Å, respectively,inconsistent with the simulation results obtained from ZntA [32].
Long range scattering also observed in our data was best ﬁt using
four independently justiﬁed carbon based ligands at bond lengths
ranging from 3.11 to 4.04 Å.
EXAFS results suggest the coordination of Zn2+ with a set of two
oxygen/nitrogen ligands (the technique cannot directly distinguish
between the two atoms) and 2 sulfur ligands. This is in agreement
with previous single mutation studies of conserved Cys392 (M4),
Cys394 (M4), Lys693 (M5) and Asp714 (M6) residues that abolished
Zn2+ transport [18,20,21]. In addition, the bond lengths obtained for
T-ZntA are typical of tetrahedral Zn2+ coordination [33]. Alternative
six coordinated and tetragonal sites show distinct bond distances
[34]. Thermolysin from Bacillus thermoproteolyticus presents octahe-
dral coordination of Zn2+ with average Zn―O/N distance of 2.32 Å
[35].
Participation of a Lys693 in Zn2+ coordination is perhaps unex-
pected. It has been proposed that it might be directly involved in
Zn2+ coordination while the enzyme is in the metal-bound E1 confor-
mation. Alternatively, when the protein is in a metal-free E2 form it
might stabilize the charge in Asp714 via a salt bridge interaction
with one carboxylate oxygen [18]. However, the presence of a salt
bridge in the hydrophobic membrane environment is questionable.
The mutation Lys693Asn led to low levels or no Zn2+-dependent
phosphorylation by ATP and Zn2+ did not prevent backdoor phos-
phorylation by Pi [18]. These effects are compatible with a lack of
Zn2+ binding to transport sites but might also be induced by a shift
in the E1/E2 equilibrium towards E2. While participation of Lys in
Zn2+ sites of phosphotriesterases and amino peptidases has been
reported [36], it is tempting to speculate that in the case of ATPases,
Lys is contributing to the site ﬂexibility that allows the transient ion
interaction during transport. If Lys693 does not participate in the
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ered. However, no other likely coordinating residue is conserved in
these ATPases, except for Asn685 and Pro401 located close to the cy-
toplasmic loops (rather than at the core of the transmembrane re-
gion) and Pro393 in the CPC motif of M4. The position of Asn685 is
highly conserved in M5 of PIB-ATPases [7]. Although in A. fulgidus
CopA, the mutation of this residue led to inactivation of Cu+ trans-
port, it was demonstrated that Cu+ and ATP, but not Pi, phosphorylat-
ed the mutated enzyme [37]. This suggests that Asn in M5 plays only
a key role in the E1/E2 equilibrium and not in the formation of the
metal binding site. The participation of backbone carbonyls made
available by Pro393 in M4 is improbable, considering the structure
of the Cys–Pro–Cys region suggested by the crystal structure of a
Cu+-ATPase [15]. Mutation of this proline appears to affect the struc-
tural integrity of the protein as evidenced by low yield of the heterol-
ogous expressed protein [19]. Moreover, Cd2+ was able to inhibit
backdoor phosphorylation of a Pro355 mutated protein [17], suggest-
ing the integrity of the transmembrane metal binding sites.
Finally, possible bidentate carboxylate Zn―O bonds [33,38] are un-
likely. The small Debye–Weller factor obtained for the O/N scatterers
(Table 1) points that the difference in length of the 2 Zn―O/N bonds
is not larger than 0.1 Å but asymmetric bond lengths are usually ob-
served in Asp bidentate carboxylate Zn―O coordination.
In summary, the data indicate that Zn2+ transport ATPases coordi-
nate the metal via a tetrahedral coordination perhaps using a singular
set of coordinating amino acids. These uncommon ligands are proba-
bly required for the vectorial metal transport.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbamem.2012.02.020.Acknowledgments
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